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Abstract

Magnetic resonance imaging of central nervous system inflammation in animal models is
evolving rapidly due to the continuing development of sophisticated contrast-enhancing
agents. Once conjugated with specific functional groups, these contrast-enhancing agents can
identify inflamed sites on brain endothelium. However, the potential endogenous ligands that
they target and the influence of their physicochemical properties on systemic inflammation
are currently not well understood. The aim of this project was to investigate the systemic
effect of novel MRI agents, including microparticles of iron oxide (MPIO) coated with Lewis
oligosaccharides, carboxylic acids or amines, on the early stages of rodent central nervous
system inflammation induced by IL-1p. Lewis A and Lewis B-linked MPIOs (Le”/Le®-
MPIOs) produced intense MRI signals 4 h after intracranial injection of IL-1p in rats.
Prussian blue staining and immunohistochemistry demonstrated unequivocally that Le”/Le®-
MPIOs selectively bind to endothelial cell-like structures in the rat brain during inflammation.
Furthermore, Lewis antigen-coated MPIOs enhanced cerebral neutrophil recruitment by
disrupting the integrity of the blood-brain barrier. Investigation of the pharmacological
effects of charged MPIOs in vivo in CD-1 mice showed that the hepatic and splenic
expression of certain pro-inflammatory mediators was suppressed by amine-coated MP10s
(by 40-80%). These positively charged MPIOs also suppressed hepatic neutrophil
recruitment, but had no influence on splenic or cerebral neutrophil recruitment, the integrity
of the blood-brain barrier, or the cerebral expression of the GLUT1 transporter in mice.
Downregulation of the systemic acute-phase response and neutrophil recruitment by amine-
coated MP1Os was only observed in IL-1B-injured mice. In conclusion, the findings suggest
that Le”/Le®-MP10s enhance MRI contrast through an affinity to as yet unidentified targets
on activated endothelium. However, it should be noted that their potential side effects to
accelerate the cerebral inflammatory process should be investigated fully before any further
clinical applications are considered. It is also noteworthy that the pharmacological role of
MPIOs is greatly dependent on their surface charge, with positively charged MPIOs
suppressing the early-stage acute-phase response and leukocyte migration under

physiological conditions.



Introduction

Vascular inflammation in the central nervous system (CNS) is a key feature of both
acute vascular syndromes, such as ischaemic stroke (1-2), and some neurodegenerative
diseases, including multiple sclerosis (MS) and Alzheimer’s disease (3). The development of
effective imaging methods for identifying CNS inflammatory sites during their early stages
would be clinically beneficial for patients at future risk from these diseases. Much progress
has been made in applying molecular imaging techniques to address this problem. The main
focus has been on the key steps involved in the inflammatory cascade, for example, vascular
endothelial activation, leukocyte recruitment, extracellular matrix degradation and apoptosis
(4). Endothelial activation is a prominent feature characterised by the upregulation of
vascular cell adhesion molecule-1 (VCAM-1), intercellular adhesion molecule-1 (ICAM-1),
and P-/E-selectin, which promote leukocyte recruitment to the vascular wall and the
development of lesions. The initial leukocyte rolling along activated endothelium is mainly
due to the interaction between P-selectin and P-selectin glycoprotein ligand-1 (PSGL-1),
while firm leukocyte adhesion is mediated by VCAM-1, with the engagement of the integrin
very late antigen-4 (VLA-4) (Figure 1) (5). These endovascular adhesion molecules are
ideally suited to function as imaging targets for agents designed to reveal the different stages
of CNS inflammation. It is interesting to note that peripheral inflammation has been shown to
modulate cerebral inflammation though neuroimmune communications (6). At the onset of
brain inflammation, inflammatory mediators are secreted into the circulation by astrocytes
and microglia, and these mediators subsequently initiate a hepatic acute-phase response (APR)
systemically that in turn accelerates leukocyte migration from the lymphoid organs to the
CNS. The measurement of cerebral-peripheral immunological communication signals thus

provides an accessible method for evaluating the level of brain inflammation. Figure 1 shows



schematically the process of leukocyte adhesion and infiltration across an endothelium that

has been activated.
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Figure 1. Leukocyte adhesion and infiltration across an activated endothelium.

Circulating leukocytes move towards the activated endothelium and initially are
tethered by transient adhesion before rolling along the endothelium, an effect mediated by the
upregulation of P-/E-selectin on the endothelial cells. Subsequently, the leukocyte rolling
velocity drops dramatically to 5-10 um/s because of the action of E-selectin and CD18
integrins, respectively. Finally, the leukocytes become firmly adhered when the VLA-4 on
their cell surfaces binds to VCAM-1 on the activated endothelium. The leukocytes then
transmigrate the endothelium, a process mediated by CD31, vascular endothelial (VE)-
cadherin, CD18 and CD47 (adapted from reference 7).

Homeostasis of the CNS is largely maintained within strict limits by specialised
mechanisms, both anatomical and immunological, which prevent the unrestricted access of
molecules from the general circulation to the brain parenchyma (neurons and astrocytes).
These anatomical specializations consist of two barriers: the blood-brain barrier (BBB) and
the blood-cerebrospinal fluid (B-CSF) barrier. In both barriers, the endothelial cells are linked
by tight junctions, which differ slightly in their morphology (8-9). In particular, the arterioles
and capillaries in the brain have continuous tight junctions between individual endothelial

cells, while the intercellular junctions are much looser in venules (10). Parenchymal but not
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pial vessels are surrounded by astrocyte endfeet to form functional neurovascular units. There
is also differential expression of adhesion molecules between blood vessels in different
regions of the brain. For example, P- and E-selectin are detected in microvessels of the
subarachnoid space but not in the deeper parenchymal vessels (11), implying that vascular
beds in the various brain regions may have different immune mechanisms for the initiation of
CNS inflammation.

Presently, a number of non-invasive molecular imaging techniques are able to
delineate CNS inflammatory sites to determine the efficacy of treatment. These methods
include magnetic resonance imaging (MRI), positron emission tomography (PET), single
positron emission computed tomography (SPECT), and fluorescent molecular tomography
(FMT). Nuclear imaging techniques allow quantitative measurement of inflamed sites, with
PET having a higher temporal resolution and sensitivity than SPECT. For example, PET has
revealed that ‘®F-fluorodeoxyglucose (FDG) accumulates (in the nanomolar to picomolar
range) in macrophage-rich atherosclerotic plaques (12-13). However, PET and SPECT
remain limited by their poor spatial resolution, high expense, and the need to expose patients
to ionising radiation. MRI has certain advantages over PET, in that it can detect early CNS
inflammation, and provide high spatial and temporal resolution images with excellent tissue
contrast and minimal exposure to ionising radiation. As a part of the latest methodological
advances, nanoparticles ‘carrying’ substantial payloads of amphipathic gadolinium (Gd)
chelates have been added to liposomes (14) or perfluorocarbon lipid emulsions (15) to
enhance the sensitivity of MRI detection. However, one potential drawback is that Gd
chelates are rapidly cleared from the circulation by the kidneys, and there is an increased risk
of nephrogenic systemic fibrosis in patients with renal impairment (16-17). Recently, this
potential drawback has been overcome by utilising iron oxide particles as novel MRI contrast

agents (Figure 2). These particles consist of iron oxide cores coated with surface complexing
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agents such as dextran or polyethylene glycol, and are classified by size as ultra-small
superparamagnetic particles of iron oxide (USPI1O, 20-50 nm), superparamagnetic particles
of iron oxide (SPIO, 50-250 nm), and micron-sized particles of iron oxide (MPIO, 0.5-5 pm).
In addition to their superior sensitivity compared with Gd, iron oxide particles are cleared by
methods other than renal elimination, making them superior for potential CNS diagnostic
applications (18). For example, the liver provides the critical function of catabolism and
biliary excretion of particles, making it important to eliminate iron-oxide particles by
hepatocyte-mediated phagocytosis (19). The liver has been reported to efficiently capture and
eliminate USPIOs, with no research on MPIOs in the liver metabolism yet.

A number of superparamagnetic iron oxide agents have been approved for use in CNS
imaging of humans, such as ferumoxtran-10 (20-21), SHU555C (22) and ferumoxytol (23).
Preliminary studies using these iron oxide particles have not revealed any significant acute or
medium-term toxicity (24). In contrast to Gd chelates, which have been used for the imaging
of BBB disruption and alterations in cerebral blood flow (CBF), phagocytosed non-coated
iron oxide particles have mainly been employed to study the trafficking of macrophages or
other leukocytes. Prominent differences have been observed in the MRI enhancement
patterns between iron oxide particles and Gd; for example, during the first MS relapse,
numerous USPIO-enhancing areas were found not to show any Gd uptake by MRI (25-26).
The actual distribution of different iron oxide particles is combinatively decided by their
diffusion across the BBB, adhesion to non-inflamed/inflamed vessel walls, and the rates of
their uptake by monocytes/macrophages and potential opsonisation, which will activate
lymphocytes. These pharmacological features are dependent on the hydrodynamic radius and
surface properties of the particles, which are precisely modified to optimise imaging during

the early stages of CNS inflammation or brain tumour development (27).
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Figure 2. Novel MRI contrast agents. Gd, gadolinium; CLIO, cross-linked iron oxide; MPIO,

micron-sized particles of iron oxide; USPIO, ultra-small superparamagnetic particles of iron oxide.

The novel MRI contrast agents can carry significant amounts of Gd chelates or iron
oxide in the form of decorated liposomes, polymer micelles, or nano-/micron-sized particles.
Gd chelates usually decorate the surface of the carrier to ensure the contrast-generating
interaction between Gd chelates and local water molecules, while iron oxide is usually
embedded within polymer shells to ensure biocompatibility (28). The influence of particle
size on blood clearance and phagocytosis has been studied for more than two decades (29).
Among the iron particle subtypes, MPIOs are particularly promising for endothelial cell-
specific molecular imaging, for several reasons. First, due to their micrometre size range,
MPIOs retain endovascular specificity without showing the disadvantages of non-specific
macrophage uptake or vascular egress (30); in contrast, USPIOs are avidly taken up by most
leukocytes, including circulating and residential monocytes/macrophages, mononuclear T
cells, reactive microglia and even dendritic cells. Second, although USPIOs have shown
promise in the imaging of macrophage-rich atherosclerotic plaques (31) and the tracking of
circulating macrophages (32), their ability to precisely target inflamed sites within blood
brain vessels has being questioned. MP1Os have a very short half-life in the circulation of 45—
100 s (33-34), producing a high target-to-background ratio and allowing MRI to start

immediately after injection. This advantage contrasts with the properties of USPIOs, which

13



require a blood clearance time of > 24 h, and show a measurable Ti-weighted signal
enhancement that starts 4—6 h after injection (23). Third, USPIOs slowly leak across the BBB
(through unknown mechanisms), while preliminary data demonstrate that iron oxide particles
larger than USPIOs do not leak across the BBB, 4 h after injection (35). Fourth, MPIOs
create potent hypointense MRI contrast effects on T,-weighted images, thereby enhancing the
detection sensitivity for endothelial molecular targets of low abundance. It is also noteworthy
that alterations in the surface properties of iron oxide particles are of great importance for
modifying the imaging and pharmacological effects of these contrast agents. Biocompatible
coatings such as carboxydextran are beneficial for particle phagocytosis and can be used for
signal enhancement in MR-related imaging (36). Other coating materials, including
amphiphilic polylactic acid (PLA), polylactic acid-co-polyethylene glycol (PLA-PEG) and
polystyrene, are also suitable for in vivo tests, and these chemicals can be linked to antibodies
or carbohydrate analogues for molecular targeting. Surface charge may be another critical
factor that influences particle distribution. For example, the ionic SPIOs have a significantly
higher cellular uptake compared with non-ionic SPIOs of a similar size (37). Amines and
carboxylic acids (with anionic and cationic physiological actions, respectively) have been
designed for embolisation or implantation to induce specific cell responses, in regard to
cytokine production (38) and apoptosis (39). It has been demonstrated that cationic carriers
bind non-specifically to anionic cell surfaces through electrostatic interactions (40).
Furthermore, the existence of cationic substitution not only stimulates cytokine release from
cultured macrophages, but also induces macrophage apoptosis and neutrophil activation (41—
42), indicating that cationic carriers could be potential agents to enhance MRI contrast as
well as produce modulatory effects on the progression of CNS inflammation. It should be
emphasized that all studies of the pharmacological effects of surface charge on microparticles

or nanoparticles have been undertaken using in vitro experiments, suggesting that it may be
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necessary to inject charged MPIOs intravenously to explore inflammatory processes more
deeply.

Revealing the earlier molecular changes, rather than the later structural changes, in
brain vascular inflammation has become the main research priority when developing novel
imaging tools. New endovascular molecular MRI contrast agents, formed by covalently
conjugating residues on the surface of iron oxide particles to peptide or carbohydrate ligands,
have recently been characterised (Table 1) (43-54). These ligands are generally monoclonal
antibodies (mADb), single-chain antibody fragments or saccharide ligands that bind to
adhesion molecules that are rapidly upregulated during endothelial activation. In particular,
antibodies to VCAM-1, ICAM-1 and selectins have been extensively applied to improve the
binding specificity of iron oxide particles to inflamed sites, in order to facilitate precise
imaging. For in vitro studies, the polydextran coating of USPIOs has been conjugated to both
E-selectin-binding peptide (ESBP) and a near-infrared indocyanine fluorophore (Cy5.5) to
visualize their adhesion to activated human umbilical vein endothelial cells (HUVEC) (55).
MPIOs have also been cross-linked to mAb that targets VCAM-1, and these have been found
to bind to activated mouse endothelial cell lines (56). Promising in vivo MRI results have
been obtained using VCAM-1-mAb-linked MPIOs to detect inflammatory processes
associated with cerebral ischaemia (57), MS (56), brain metastases (58) and seizure-induced
inflammation (59) in corresponding animal models. The large ‘payload’ of iron and the low
constitutive expression of VCAM-1 have permitted VCAM-1-mAb-conjugated MPIOs to be
used as early and sensitive markers of inflamed sites that cannot be detected using Gd
chelates (57), potentially allowing for the early diagnosis of CNS inflammation. By cross-
linking E-/P-selectin antibody fragments to iron oxide particles, contrast agents other than
VCAM-1-mAb-conjugated MPIOs have been developed for targeted imaging, and these are

presently being tested in animal models of vascular inflammation (60).
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Antibodies can be prepared in large quantities by solid-phase synthesis, but at a much
higher expense compared to the production of carbohydrates. Considering this cost
implication, the glycans that naturally exist in the recognition site of selectin receptors can be
conjugated to MPIOs to enable quantitative analysis of selectin expression along the course
of blood vessels. Previous investigations have assigned E-/P-selectin binding activity to
Lewis carbohydrate motifs, including sialyl Lewis A (sLe®), sialyl Lewis X (sLe*), and an
internally fucosylated sLe™ isomer called VIM-2, on the surface of selectin ligands such as L-
selectin, E-selectin ligand-1 (ESL-1) and PSGL-1 (61-62). These O-glycans are synthesized
by selective glycosyltransferases and fucosyltransferases, and are essential to the targeting of
E-/P-selectin on activated endothelium. In addition, a sulphated Lewis carbohydrate, 6-sulfo
sialyl Lewis X (6-sulfo sLe™), on endothelial cells is regarded as the L-selectin binding motif
in lymphocyte homing. During inflammation, the expression of these Lewis motifs is greatly
upregulated by cytokine stimulation (63), and plays a critical role in the recruitment of
neutrophils, monocytes and lymphocytes to lesion sites.

The assembly of Lewis carbohydrates involves the sequential addition of specific
monosaccharides onto terminal saccharide precursors on the glycoproteins. There are four
Lewis antigens, termed Lewis A (Le”), Lewis B (Le®), Lewis X (Le™) and Lewis Y (Le"),
respectively. All of these are tetrasaccharides synthesized by the addition of fucose to the
central N-acetylglucosamine (GIcNAc) of the core structure, through the action of diverse
fucosyltransferases. Le” and Le* are produced if a(1,3/1,4)-fucosyltransferase (FUT-3) is
involved, while Le® and Le" are synthesized by galactoside 2-a-L-fucosyltransferase (FUT-
2). According to steric hindrance studies, only Le® and Le* can be further sialylated to form
sLe” and sLe”, respectively. In addition, due to their structural similarity, Le® and Le® are
usually defined as type | Lewis carbohydrates, while Le® and Le" are recognized as type Il

Lewis carbohydrates (64).
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Table 1. Targeted iron oxide particles in development for molecular imaging.

Conjugated molecule on the surface Biological target Ref.
Wheat germ agglutinin Axon terminals (43)
Transferrin protein Transferrin receptors (44)
Anti-myosin mAb Myocardial infarction (45)

AP 1-40 Amyloid plague (46)
Neuroblastoma-specific cell surface antigen Neuroblastoma cancer (47)
Anti-Her2/neu Her2/neu receptor on tumor cells (48)
Succinylated polylysine Lymph nodes (49)
Anti-EGFR EGFR in carcinoma (50)
Anti-P-/E-selectin Activated endothelium (51)

Annexin V Apoptotic cells (52)
Anti-VCAM-1 Activated endothelium (53)

Sialyl Lewis Activated endothelium (54)

mAB, monoclonal antibody; EGFR, epidermal growth factor receptor; VCAM-1, vascular cell

adhesion molecule-1.

Under normal conditions, the synthesis of Lewis antigens occurs predominantly in
epithelial cells. Subsequently, these glycans are carried by glycolipids into the circulation,
where they are adsorbed by erythrocytes (65). At the onset of inflammation, activated
leukocytes can also express these Lewis antigens on their surfaces (63).

The sialylated Lewis glycans show more promise than antibodies for the targeting of
selectin upregulation, and have been conjugated to contrast agents for the imaging of selectin
expression in animal disease models (54). Previous attempts to detect selectin expression by

antibodies in vivo have failed (66) or shown only limited contrast enhancement (67-69); to
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date, there have been no applications in validated models of brain inflammatory disorders.
The first use of sialylated Lewis glycans in molecular MRI involved their cross-linking to
Gd-based nanoparticles for the detection of early cerebral endothelial activation (67).
Subsequently, liposomes bound to sLe™ with encapsulated fluorescent markers were shown to
successfully co-localize with E-selectin in a mouse model of arthritis (70). Recently, iron
oxide particles coated with sLe*, containing about 10° to 10" glycans per USPIO, have been
developed and tested in both in vitro and in vivo experiments (54). The sLe*-USPIOs showed
strong and selective binding to an E-selectin-F chimeric protein in an in vitro binding assay,
and also provided excellent MRI contrast in animal models of MS and stroke, before any
breakdown in the BBB was detected using Gd chelates. Therefore, sLe*-USPI1Os and other
carbohydrate-linked iron oxide particles have great potential for the early detection of several
neuropathologies, including MS, stroke, multi-infarct dementia and Parkinson’s disease. In
particular, when the advantages of MPIOs are taken into consideration (vide supra), glycan-
coated MPI1Os may be especially promising and worthy of investigation for their contrast
enhancement properties.

While the pharmacological roles of sialyl Lewis antigens have been thoroughly
investigated, there is a paucity of data concerning the expression and function of unsialylated
and disialylated Lewis glycans in vivo. This MSc project was devised based on preliminary
data from my host laboratory, which demonstrated for the first time that MPIOs coated with
unsialylated Lewis antigens could enhance the contrast of endovascular inflammation
imaging in a similar manner to sLe*-MPIOs (Figure 3). Briefly, type | Le”- and Le®-coated
MPIOs (Le*/LeB-MPI10s), rather than type Il Le*- and Le"-coated MPIOs (Le*/Le"-MPIOs),
were found to co-localize at inflamed sites after acute inflammation was artificially induced.
Four hours after the intracranial injection of interleukin-1p (IL-1p) to the ipsilateral

hemisphere, the 4 types of Lewis glycan-conjugated MPIOs were injected intravenously and
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their course followed by MRI scanning to study their distribution. The results strongly
suggested that unsialylated Lewis antigens target inflamed sites, but utilise different

mechanisms to sialylated antigens.
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Figure 3. MRI contrast enhancement in the IL-1B-injured rat brain after intravenous injection
of Le®/Le®-MPIOs. A: Minimum intensity projections obtained from in vivo MRI of the left
hemisphere of the rat brain, after intracerebral injection of IL-1p, using MPIOs coated with Le* (1),
Le® (2), Le" (3) and Le® (4). n = 4 for IL-1p ic + Le*-MPIO iv, n = 3 for other group. The images
shown are representative of the results in each group. B: quantification of the black pixels in the
minimum intensity projections of the left (IL-1B) and right (control) brain hemispheres (S). The error
bars represent the mean * standard error of the mean (SEM). **P < 0.01. Authorized by Guillaume

Bort.

Much remains to be elucidated about the mechanisms underlying signal enhancement
by unsialylated Lewis antigens. First, it is still unknown whether Le”/Le®-MPIOs adhere to
activated endothelium or enter into the brain parenchyma by monocyte/macrophage
infiltration following their injection into the blood circulation. The use of Prussian blue
staining after pre-treatment facilitates the study of the mechanism of contrast enhancement by

allowing the distributional pattern of these coated MPIOs to be followed (71). Second, it is
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vital to determine the specific molecular targets of unsialylated type | Lewis carbohydrates.
The only molecule on the leukocyte surface known to exhibit binding affinity with
unsialylated Lewis antigens are the transmembrane lectin receptors, termed dendritic cell-
specific intercellular adhesion molecule-3-grabbing non-integrin (DC-SIGN), and its
homolog, DC-SIGNR (72). Although DC-SIGN is expressed strictly on dendritic cells, DC-
SIGNR is constitutively expressed on the endothelial cells of the liver, lymph nodes, and
placental tissue (73), making it a probable target of unsialylated Lewis glycans. The cysteine-
rich domains (CRDs) of both DC-SIGN and DC-SIGNR recognize all four unsialylated
Lewis carbohydrates on viruses and leukocytes in vivo, suggesting that DC-SIGN/DC-
SIGNRs may contain CRDs with a specific binding affinity for Le” and Le®. Third, despite
the short clearance time of MPIOs, the influence of these unsialylated Lewis residues on the
inflammatory process should also be studied systemically to avoid potential adverse effects;
in other words, there should be a focus on peripheral as well as CNS inflammation.

Systemic inflammation has been recognized as an essential component of the cerebral
inflammatory process. In response to CNS injury, the hepatic expression of almost a thousand
genes is changed significantly (74). This modulation, called APR, is mediated either by the
secretion of IL-1B and tumour necrosis factor-o (TNFa) from microglia into the circulation or
by the activation of cholinergic vagal efferents that innervate the liver (75). The hepatic
response incorporates the release of cytokines, chemokines and other acute-phase proteins
(APP), such as C-reactive protein (CRP) and serum amyloid P (SAP) (74), which leads to
subsequent leukocyte recruitment to the peripheral and cerebral inflamed sites. For example,
there is a hepatic chemokine response within 2 h of spinal cord injury, causing leukocyte
influx into the liver, lungs and kidneys (76—78). This leukocyte recruitment contributes to the

damage caused to these organs (79). Damage from the APR occurs not only in peripheral
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organs but also acts to amplify the focal injury response of the brain. Thus, paradoxically,
CNS inflammation should be considered as a systemic pathological process (74, 80).

Various animal models have been developed to mimic the CNS inflammatory changes
in MS, ischaemic stroke, spinal injury and brain metastases (81-82). In addition, the
intracranial release of a single cytokine in the ipsilateral hemisphere can produce observable
temporal effects on systemic inflammation. There are two established methods to elicit
cytokine secretion experimentally: one-bolus injection of cytokine directly into the striatum
to mimic acute brain injury; or intrastriatal injection of a recombinant and replication-
deficient adenovirus vector to cause the chronic expression of cytokines in the brain. IL-1p
and TNFa are frequently used, in accordance with their importance in the APR. IL-1p has
been shown to play a pivotal role in the exacerbation of acute neurodegeneration caused by
ischaemia, head trauma or stroke, and has been implicated in the pathology of MS,
Alzheimer’s disease and other chronic CNS inflammatory conditions (83-85). The IL-1B
level in the CSF of MS patients has been found to correlate with the disease severity and
pathological progression (86-87). Moreover, blocking IL-1p successfully reduces neuronal
loss and inflammation (88-89). Similarly, TNFa has been reported to contribute to the
pathology of MS, ischaemic stroke and Parkinson’s disease (90-92). Overexpression of
TNFa leads to demyelinating disease, while neutralization of TNFa with antibodies is
protective in animal models of MS (93-94). Although IL-1p and TNFo have many
similarities, their patterns of leukocyte recruitment differ (71, 95-96). Intracranial injection of
IL-1B leads to localized neutrophil recruitment, whereas microinjection of TNFa into the
brain gives rise to a distinct pattern characterized by the recruitment of T cells and monocytes.
Moreover, different inflammatory responses occur following acute and chronic cytokine
release. An intracranial injection of IL-1p into the brain parenchyma does not overtly lead to

damage of the integrity of the BBB, whereas 8 days of continuous adenoviral expression of
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IL-1B in the brain produces a marked breakdown of the BBB, which is similar to the BBB
disruption observed after chronic expression of TNFa in the striatum (71, 97). Therefore, it is
of great importance to select a simplified inflammatory model at the onset of the project to
avoid the difficulties associated with studying too many variables.

The aims of the present study were to obtain further insights into the pharmacological
effects and relevant mechanisms of two MPIO subtypes: MPIOs coated with unsialylated
Lewis antigens, and MPIOs coated with amines or carboxylic acids, which behave as charged
microparticles under physiological conditions. Acute brain inflammation was induced by
intracranial injection of IL-1B or TNFa, thus providing the simplest possible acute
inflammatory model. In the first part of the study, Prussian blue staining and immunostaining
were utilised to determine the distributions of these particles in the brain parenchyma, and
comparisons were made with corresponding MRI data. Second, the integrity of the BBB and
cerebral leukocyte recruitment were investigated to determine whether the inflammatory
processes were affected by MPIO injection. Finally, the systemic responses to the charged
MPIOs were evaluated by measuring neutrophil recruitment and APP expression levels in the
liver and spleen. At the organ-based level, it has recently been discovered that MPIOs are
rapidly sequestered by the liver and spleen partly through endocytosis mediated by
macrophages (termed Kupffer cells in the liver) (98); this is similar to reticuloendothelial
system-based USPIO clearance (99-100). Since the liver dominates the immune crosstalk
between the periphery and the brain (74, 101), it is hypothesized that circulating MPIOs
might affect systemic inflammation by modulating hepatic or splenic inflammatory responses.
Thus, this project will provide important information on the systemic pharmacological roles
of certain coating molecules.

In general, the purpose of this MSc project and further investigations after my MSc

study can be concluded as below:
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1) Observe the distribution of coated MPIOs by MRI and immunostaining data
(finished);

2) Clarify the mechanism of specialized distribution in cellular and molecular level
(unfinished for further investigation);

3) Measure the systemic inflammatory response of coated MPIOs in both cellular

and molecular levels (finished).
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Materials and Methods

Synthesis and preparation of coated MPIOs

The amine-coated MPIOs (amine-MPIOs) and carboxylic acid-coated MPIOs
(carboxylic-MPIOs) were obtained commercially from NanoLink. The Lewis antigen-coated
MPIOs were synthesized by adding Lewis glycans to amine-MPIOs, as follows: 5.8 mg of
magnetically washed amine-MPIOs (3 x washing through DynaMag in 0.1 M NaHCO3
buffer, pH 8) was suspended in NaHCO3 buffer (Sigma Aldrich; 100 mM NaHCOs3, 0.5 mL,
pH 8). The synthesized Lewis glycans (from the Department of Chemistry, Oxford University)
were dissolved in NaHCOj3; buffer (100 mM NaHCOs, 0.5 mL, pH 8) and then mixed with the
solution of amine-MPIOs. The mixture was shaken at room temperature for 15 h.
Subsequently, the Lewis-antigen-coated MP10s were washed with water (3 x 1 mL), dialysed
against water, and finally stored in water at 4 °C. The efficiency of particle loading was
measured using the fluoroescamine assay, in which fluoroescamine (Sigma Aldrich; 50 pL in
dimethyl sulfoxide [DMSO]) was incubated with MPIO solution for 10 min before
measurement of the fluorescence intensity (PerkinElmer; Agx: 405 nm, Agm: 460 nm). After
obtaining the conversion rate of particle loading (A%), the coated Lewis antigens per MPIO
could be calculated as (based on the following information from the manufacturer: 2.76 x 10°

MPIOs per mg of MPIO; 44.5 nmol amino groups per mg of MPIO before linkage; the MPIO density

here was re-confirmed using a hemocytometer (Millipore)):
Lewis antigen/MPIO = (44.5 x 10°%) x (6.02 x 10%) + (2.76 x 10%) x (1-A%)
Furthermore, the surface density of the Lewis antigens could also be estimated after
knowing the MPIO diameter (730nm) from the manufacturer:
Surface density of Lewis antigen (oligosaccharides/nm?) = Lewis antigen/MPIO + (4

x 3.14 x 730%)
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Before injection into the experimental animals, all types of MP1O were magnetically

washed, dialysed against ddH,O (3 x 1 mL), and exposed to ultraviolet radiation for 20 min.

Animal model of cytokine-induced brain injury

All procedures involving animals in this project were performed using methods
approved by the United Kingdom Home Office in accordance with The Animals (Scientific
Procedures) Act (1986). Male Wistar rats and male CD-1 mice (4 weeks old; supplied with
food and water ad libitum) were anaesthetised with isoflurane (2.0-2.5% in 60% N3: 40% O,),
positioned in a stereotaxic frame, and viewed using a Wild M650 operating microscope
(Leica). For cytokine-induced acute inflammation, 10 ng of IL-1p or TNFa was injected into
the left striatum (Stereotaxic coordinates for rat: anterior, 1 mm,; lateral, 3 mm; depth, 3.5 mm;
stereotaxic coordinates for mice: anterior, 0.5 mm; lateral, 2 mm; depth, 2.5 mm; co-
ordinated from the bregma). After washing with sterile saline, coated MPIOs were injected
intravenously into the tail vein (4 mg Fe/kg) at selected time points after cytokine injection;
subsequently, MRI scanning, immunostaining of tissues and RNA extraction were carried out.
For MRI scanning and tissue immunostaining, rats and mice were injected with coated
MPIOs at time T = 4 h, MRI-scanned 5 min after the MPIO injection, and finally terminally
anesthetised at T = 5 h. For the RNA extraction, mice were injected with coated MPIOs at the
same time (T = 0 h) as the cytokine injection, and then terminally anesthetised at T = 4 h.
Terminal anaesthesia was completed by an intraperitoneal injection of 200 uL (mice) or 500

uL (rats) phenobarbital (Sigma Aldrich).

MRI scanning and analysis of MRI data

All MRI experiments and subsequent data analysis were carried out by collaborators

in the Department of Chemistry, Oxford University. In general, images were acquired using a
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7-Tesla horizontal-bore magnet with a Varian Inova spectrometer (Varian). A T, -weighted
3D gradient-echo dataset encompassing the entire brain was acquired, using the following
parameters: flip angle, 11°; repetition time (TR), 25 ms; echo time (TE), 10 ms; matrix size,
350 x 192 x 192; and field of view, 4.2 x 3.07 x 3.07 cm. The total acquisition time was
approximately 1 h. The midpoint of the acquisition was 4.5 = 0.5 h after the intracranial
injection of IL-1p or saline. Data were zero-filled to 350 x 256 x 256 and reconstructed off-
line, with a final isotropic voxel size of 120 pm?®. ImageJ software was used to analyse the
data. Minimum intensity projections were performed on slices at the injection site. Regions of
interest (ROIs) that contained the entire hemisphere were drawn in each section to create
pixel intensity histograms; the ROIs contained both hemispheres for the experiments
involving systemic injection of lipopolysaccharide (LPS). The signal intensity values were
then normalized to the right cortex (signal intensity value = [signal intensity of brain
hemisphere]/[signal intensity of right cortex] x 100). The number of pixels in the brain
hemisphere below the minimum normalized signal intensity threshold was summated and

reported as hypointensities.

Slice preparation

A 10-mL volume of heparinised saline (Sigma Aldrich; 5000 Units/L) and 10 mL of
4% paraformaldehyde (PFA; Fisher Scientific) were sequentially perfused into the left
ventricle of a terminated rat or mouse. After perfusion with PFA, the selected organs were
embedded in an OCT matrix and snap frozen, with slices collected serially at a thickness of
10 pum using a CM 1850 cryostat (Leica) at a temperature of -18 °C. Specifically, brain slices
were collected from anterior to posterior, starting at anterior 2 mm (for rat) or anterior 1.5

mm (for mice), co-ordinated from the bregma. All slices were placed in phosphate-buffered
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saline (PBS; Fisher Scientific), to wash out the OCT matrix, before they were dried at room

temperature.

Histology

All slices were initially incubated for 20 min with 1% hydrogen peroxide in methanol
to eliminate the activity of endogenous peroxidase. The slices were then placed on sequenza
clips and blocked with 10% serum (the serum subtype was dependent on the secondary
antibodies used later) in PBS for 1 h. Following this, the brain slices were incubated with
primary antibodies, while the liver and spleen slices were first treated with avidin (Vector;
1:20 in PBS, 20 min at room temperature) and biotin (Vector; 1:20 in PBS, 20 min at room
temperature) before incubation with antibody, in order to block endogenous biotin. For all
immunohistochemistry experiments, with the exception of IgG staining, the sections were
incubated with anti-neutrophil (horse polyclonal, 1:1000 in PBS, 2 h), anti-lba-1 (goat
monoclonal, 1:500 in PBS, overnight; Abcam) or anti-GLUT-1 (rabbit monoclonal, 1:200 in
PBS, overnight; Calbiochem) primary antibodies for the detection of neutrophils, activated
microglia/macrophages or brain endothelial cells, respectively. Corresponding biotinylated
secondary antibodies to IgG were used, together with the Vectastain ABC-AP kit (Vector),
for detection of the primary antibodies, before counterstaining with cresyl violet. For 1gG
staining, the secondary IgG antibodies were incubated with the sections directly, without the
addition of any primary antibodies. For Prussian blue staining, sections were pre-treated with
methanol for 15 min to uncoat the polystyrene on the surface of the MPIOs, and this was
followed by a 1-h incubation with Prussian blue stain (Sigma Aldrich), and subsequent
nuclear fast red counterstaining (Sigma Aldrich; 2 min). Images were captured with a light

microscope (Leica) and analysed using ImageJ software. For the quantification of staining
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results, 5 fields (within the striatum for brain slices) under microscopic views were randomly

chosen to get the target cell counted and the cell number averaged for results from one slice.

RNA extraction

After intracardiac perfusion with ice-cold heparinised saline (5000 units/L),
approximately 10 mg each of liver and spleen tissue was collected from terminated mice and
snap frozen on dry ice for subsequent RNA extraction. RNA was extracted using a QIAGEN
RNeasy Mini Kit, following the instructions provided by the manufacturer. Briefly, tissue
samples were homogenized in lysis buffer containing 1% B-mercaptoethanol (B-MCE), and
then passed through a QlAshredder mini spin column to shear genomic DNA. RNA was then
precipitated from the homogenate using 70% ethanol, passed through an RNeasy spin column
and washed. After elution by 25-puL of RNase free water, the quality and quantity of total

RNA was analysed using a NanoDrop 1000 Spectrophotometer (Thermo).

Conversion to cDNA

50 ng total RNA was added to a reverse transcription (RT) reaction (total volume, 20
ML) containing dNTPs, RT buffer, random primers, RT enzyme, RNase inhibitor and
DNase/RNase free water (all included with the RT kit; Applied Biosystems). All reagents
were thoroughly mixed and stored on ice. After running reactions according to the
manufacturer’s instructions, the final solution was diluted to a cDNA concentration of 5

ng/pL and analysed using a NanoDrop 1000 Spectrophotometer (Thermo).

Quantitative real-time polymerase chain reaction

Real-time quantitative polymerase chain reaction (PCR) was run against a standard

curve to analyse the relative ratio of the target gene to the reference gene. Gene-specific

28



primer pairs and cycle-threshold (Ct) standard curves were generated by Primerdesign, in
which the Ct levels were inversely proportional to the amounts of target DNA sequence in the
samples. cDNA was added to the mastermix containing SYBR-green dye, and run on a Roche
480 Cycler System. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as the
reference gene for calculating the relative expression of the target gene. The gradient of each
standard curve represented the replicating efficiency of each primer when running a series of
diluted cDNA templates (these cDNA templates were the mixture of all cDNA samples, to
make sure that the standard curve is effective in extrapolating the expression in target
samples). For the calculation, the expression of each gene (including the reference gene) in
the sample was obtained using their standard curves, then the ratio of target gene expression

to reference gene expression is used to compare with the data from other samples.

Statistical analysis
Statistical analysis was performed using Prism software. Data are presented as the
mean + standard deviation (SD) or standard error of the mean (SEM). Comparisons were

made using Student’s t-test. A P value < 0.05 was taken to indicate statistical significance.

Results

Study of the distribution of coated MPIOs in the brain
Four subtypes of Lewis oligosaccharides, namely Le® Le®, Le* and Le", were

attached separately to the surface of amine-MPIOs; among these, both Le” and Le® had a
unique type I (GalB1,2GIcNAcB1-R) structure. Determination, by fluorescamine assay, of the
efficiency of oligosaccharide loading onto the particle surface demonstrated that conjugation
of about 80% of the amino groups with Lewis glycans was achieved (Table 2). This

efficiency corresponds to approximately 7.4-7.9 x 10° oligosaccharides per particle and a
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local density of 4.4-4.7 oligosaccharides per nm?. Previous data from my host laboratory had
indicated that only Le”/Le®-MP10s produced intense signals in MRI scans of rat brains with
acute injury induced by IL-1p (Figure 3). To determine the spatial distribution of the coated
MPIOs, it was necessary to use staining techniques to visualize them more precisely in brain
tissue. To achieve this, the same Wistar rats used for MRI scanning were terminally
anaesthetized at T = 5 h for tissue staining. Prussian blue, counterstained with nuclear fast red,
was applied to detect iron oxide particles (102). After pre-treatment with methanol to dissolve
the polystyrene coat, only a few spots of Prussian blue staining were found in the ipsilateral
striatum where Le*/Le”-MPIOs had been injected, whereas more pronounced staining was
observed after the injection of Le”/Le®-MPIOs (Figure 4A); these observations correlated
well with the MRI scans of each rat brain. Moreover, only Le”/Le®-MPIOs co-localized with
endothelium-like structures (Figure 4B—C). Only very low numbers of Le*/Le"-MPI1Os were

found, scattered in the brain parenchyma with no discernable specific pattern (Figure 4D-E).
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Table 2. Loading efficiency of unsialyated Lewis glycans on the surface of amine-MPI1Os.

Loading property Lewis A Lewis B Lewis X Lewis Y
Conversion (%) 76.2+10.3 | 77.6,82.2 80.1, 82.1 78.6
Oligosaccharides/MPIO (x10°) 7.40+£1.00 | 7.32,8.18 7.78,7.96 7.63
Oligosaccharides/nm? 442+060 | 437,491 | 4.64,4.76 4.56

The conversion of the amino groups on the surface of amine-MPIOs was determined by
fluorescamine assay. The density of oligosaccharides per MPIO or per nm? was based on supplier
information (2.76 x 10° MPIOs per mg of MPIO; 44.5 nmol amino groups per mg of MPIO; and an
MPIO diameter of 730 nm). The results are presented as the mean + standard deviation for Le”-

MPIOs (n = 4), Le®-MPIOs (n = 2) and Le*-MPIOs (n = 2); n = 1 for Le"-MPIOs.

The effect of Le®-MPIOs on MRI contrast was also tested using other rat models of acute
brain injury. Intracranial TNFa injection and intravenous LPS injection are considered, along
with IL-1B-mediated brain injury, to be among the simplest methods for artificially inducing
acute brain inflammation; hence, these approaches were used. In these experiments, Lewis
antigen-coated MPIOs were injected intravenously at T = 4 h after TNFa or LPS injection,
and this was followed by MRI scanning and terminal anaesthesia. It has been shown
previously by my host laboratory that Le”-MPIOs can also increase the MRI contrast in
TNFa- or LPS-activated brains, evident as increased intensity projections from TNFa-
activated ipsilateral striatum or LPS-activated brain blood vessels (Figure 5A-B). In the
present study, using Prussian blue staining, an enhanced and specific distribution of Le”-
MPIOs was observed in TNFa-injured striatum in accordance with the MRI results (Figure
5C-D). After intravenous injection of LPS in rats, Prussian blue staining was rarely observed
in the striatum (Figure 5E); this result corresponds well with the MRI findings that the

intensity projections were found mainly in cortical vessels (Figure 5A).
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Figure 4. Distribution of Lewis antigen-coated MPIOs in IL-1p-activated rat striatum shown by
Prussian blue staining with nuclear fast red. A: Number of MPIOs within the striatum of each of
four Lewis sugar-related groups and two control groups. The bars represent the mean + SEM (n = 3).
*P < 0.05; **P < 0.01; ***P < 0.001. SAL, saline. B-E: Distribution of Lewis antigen-coated MPIOs
in the ipsilateral striatum of rats injected with Le”- (B), Le®- (C), Le*- (D) or Le"- (E) MPIOs. MPIO

localizations are indicated by arrows. Scale bars = 200 um (B) or 100 um (C-E).
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Figure 5. MRI imaging and Prussian blue staining of TNFa- and LPS-activated rat brains to
show the distribution of Le”*-MP10s. A: Minimum intensity projections from in vivo MRI of Le”-
MPIOs after intracerebral injection of TNFa (1), intravenous injection of LPS (2), or intravenous
injection of saline (3). n = 3 in TNFa ic + Le®-MPIO iv, n = 2 in LPS iv + Le®-MPIO iv. All groups

and the images shown are representative of the results of all animals in each group. B: Quantification
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of the black pixels in the inflamed zone (ipsilateral hemisphere in Al or both hemispheres in A2) and
control zone (contralateral hemisphere in Al or both hemispheres in A3) from minimum intensity
projections after Le*-MPIO injection. The bars represent the mean + SEM (n = 2-3). *P < 0.05. ic,
intracranial injection; iv, intravenous injection. C—F: Distribution of Le”-MP10s, shown by Prussian
blue staining with nuclear fast red, in the ipsilateral striatum of rats that had received intracranial
TNFa (C-D), intravenous LPS (E), or middle cerebral artery occlusion (as a stroke model) (F). MPIO
localizations are indicated by arrows. The staining images shown above are representative of the

results of all animals in each group. Scale bars = 100 pum.

Several models have been developed in rodents to simulate the process of acute brain
inflammation in neurological disorders (81-82). For example, the pathological changes
following middle cerebral artery occlusion (MCAO) in rodents have been reported to be close
to those seen in humans with ischaemic stroke, including activation of microvessel walls and
a rapid breakdown of the BBB, starting 2 h after occlusion (103). However, in the present
study, Prussian blue staining was seldom observed in the rat brain parenchyma after MCAO
and Le”-MPIO injection (Figure 5F). (Note: The corresponding MRI scanning experiments in
the Le*-MPIO-injected MCAO stroke model are still in progress.)

Further experiments were performed to determine whether the observed contrast
enhancement and aggregated distribution of staining were specifically related to brain
inflammation, or whether they could also be observed in control groups. Two control groups
were studied: IL-1B-induced brain injury with intravenous injection of saline; and uninjured
brain with intravenous injection of Le”-MPIOs. No significant MRI contrast enhancement
was found in either of these control brains (Figure 6A-B). Prussian blue staining revealed
only a few blue spots in the uninjured brain, with no obvious, specific patterning (Figure 6D).
Similar Prussian blue staining was found in the injured striatum if MPIOs were not injected

(Figure 6E). The distribution of charged MPIOs in IL-1B-activated brain parenchyma was
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also examined: neither enhancement of intensity projections nor aggregated Prussian blue
staining was observed in the ipsilateral striatum after intravenous injection of amine-MPI10s

(Figure 6A-C).
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Figure 6. MRI imaging and Prussian blue staining of IL-1p-activated and control brains to show

the distributions of Le”-MPI10s and amine-MPIOs. A: Minimum intensity projections from in vivo
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MRI of rat brains after injections of: (1) IL-1p intracranially (ic) + amine-MPIO intravenously (iv); (2)
saline ic + Le*-MPIO iv; (3) IL-1B ic + saline iv; or (4) IL-1pB ic + Le-MPIO iv. n = 5 for IL-1p +
Le® n = 3 for the other groups. Images shown are representative of the results of all animals in each
group. B: Quantification of the black pixels in the brain hemispheres from minimum intensity
projections. The bars represent the mean + SEM (n = 5 for IL-1f + Le®, n = 3 for the other groups).
*P < 0.05; **P < 0.01. NH,, amine-MP10s. C-F: Distribution of coated MPIOs, shown by Prussian
blue staining with nuclear fast red, in the ipsilateral striatum of rats injected with: IL-1f ic + amine-
MPIO iv (C); saline ic + Le*-MPIO iv (D); IL-1p ic + saline iv (E); or IL-1p ic + Le*-MPIO iv (F).
MPIO localizations are indicated by arrows. The staining images shown above are representative of

the results of each group. Scale bars = 100 pm.
Effect of Lewis antigen-coated MPIOs on cerebral neutrophil recruitment and BBB integrity
Cerebral neutrophil recruitment is a crucial stage in the exacerbation of CNS
inflammation, and is delayed compared with the systemic APR and neutrophil recruitment.
Neutrophil infiltration is observed to start from T = 6 h after intracranial injection of IL-1§,
with no disruption of the BBB (104). To investigate whether Lewis antigen-coated MPIOs
influenced neutrophil migration into the CNS, immunostaining of neutrophils in the
ipsilateral striatum (into which IL-1 had been injected) was carried out. There was no
detectable neutrophil infiltration into the brain at T = 5 h after intracranial injection of IL-1
(Figure 7B). However, large numbers of neutrophils were observed at T = 5 h when either
type of Lewis antigen-coated MP1O was injected intravenously at T = 4 h (Figure 7C-E). The
presence of Le”-MPIOs led to a more substantial elevation of cerebral neutrophil migration
than the other Lewis antigen-coated particles (Figure 7A, C-E). Le”-MPIO injection into
uninflamed rat brains was used as a control: there was no detectable enhancement of cerebral
neutrophil numbers, at least at T =5 h (Figure 7A). Moreover, staining of the striatum after

amine-MPIQ injection also failed to reveal neutrophils at this same time point (Figure 7A).
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Figure 7. Cerebral neutrophil recruitment in IL-1p-activated brains was enhanced by the
intravenous injection of Lewis antigen-coated MP10s. A: Neutrophil density (cells per mm?) in the
rat striatum of control groups and groups injected with Lewis antigen-coated MPIOs or amine-MPI10Os.

The bars represent the mean + SEM (n = 3), except for Le*-MPIO injection (n = 1). ***P < 0.001. B—
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E: Immunostaining of neutrophils, with cresyl violet counter-staining, in the ipsilateral striatum of rats
injected with: IL-1p intracranially (ic) + saline intravenously (iv) (B); IL-1p ic + Le”-MPIOs iv (C);
IL-1B ic + Le®-MPIOs iv (D); or IL-1B ic + Le"-MPIOs iv (E). Some neutrophils are indicated by
arrows. The staining images shown above are representative of the results of each group. Scale bars =

200 pm.

The enhancement of cerebral neutrophil density may be due to the acceleration of
neutrophil infiltration or direct breakdown of the BBB. IgG staining is widely used to
measure the permeability of the BBB. Increased BBB permeability allows 1gG and other
serum proteins to pass into the brain parenchyma where they can be detected by
immunostaining. In the present study, the efficiency of 1gG staining for the detection of BBB
breakdown was demonstrated by the successful staining of MCAO-treated rat brain (Figure
8A). Furthermore, high-intensity IgG staining was observed in the ipsilateral striatum of the
Le”-MPIO-injected group, in contrast to the control group which showed no detectable IgG

in the brain parenchyma (Figure 8B-C).

Hepatic and splenic APR after injection of charged MP10s
As part of the investigation into the pharmacological effects of coated MPIOs, the

systemic APR occurring after a dose of coated MPI1Os was assessed by measurement of RNA
levels using real-time PCR. Time permitted only the potential role of charged MPIOs to be
fully investigated in this study. These experiments were conducted using IL-1pB-injured
mouse brains, which show a similar contrast enhancement of the hemispheres to rat brains
after the injection of Le”-MPIO, with less hypointensities in mice when injecting Le®-MP10s
(Figure 9). To maximize the potential effect of charged MPIOs on the APR, MPIOs

(intravenously) and IL-1p (intracranially) were injected together at T = 0 h, and left for 4 h
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before their effects were determined. GAPDH was selected as the reference gene for
determining the relative expression of APPs using real-time PCR.

There exist two methods to quantify the results obtained by real-time PCR with
similar approach these days. One is called comparative Ct method (ACt method), in which
the Ct values of the samples of interest are compared with that of a non-treated sample from
normal tissue. The Ct values of both the samples of interest and the non-treated sample are
normalized to an appropriate endogenous housekeeping gene before the comparison, which is
also known as 2-AACt method. Here, AACt = ACt sample — ACt reference, where ACt sample
is the Ct value of samples normalized to housekeeping gene, and ACt reference is the Ct
value of calibrators normalized. The premise of using such method is that the amplification
efficiencies of the target and the reference genes should be approximately equal.

In this project, there are many target genes in APR study and it is infeasible to choose
a housekeeping gene with similar efficiency to all interests. Therefore, another method using
standard curve is applied. Firstly, a series of template solutions with known RNA
concentration is used to construct standard curves of each gene. These curves are then for
extrapolating quantitative information for mRNA targets of unknown concentrations. The
advantage of this method is that replicating efficiencies of different genes can be represented
by the gradient of standard curves. For example, if the standard curve has a gradient of larger
than 3.3 in its absolute value, the related replicate efficiency will then be lower than 95% and
should be discarded from analysis. Before our testing on APR-related genes, control RNA
expression of GAPDH had been found stable in various tissues of all groups comparing with
the expression of other housekeeping genes such as (-actin (data not shown). The results of
real-time PCR indicated that the expression of selected pro-inflammatory mediators,
including IL-6, TNFa, chemokine (C-C motif) ligand 2 (CCL2), chemokine (C-X-C motif)

ligand 1 (CXCL1), and CXCL10, was inhibited by amine-MPIQOs but not carboxylic-MPIOs
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(Figure 10, 11). TNFa and CCL2 were downregulated by 40-80% in the liver (Figure 10C, F)
and spleen (Figure 11C, F), compared with IL-1B-activated mice not receiving MPIO
injection. Other effects of amine-MPIOs on pro-inflammatory mediators included a 70%
suppression of hepatic IL-6 levels (Figure 10B) and a 40% suppression of splenic CXCL10
levels (Figure 11E). In contrast, the injection of charged MPIOs was not associated with any
peripheral changes in IL-1p (Figure 10A, 11A) or CXCL1 (Figure 10D, 11D) expression

levels.

Figure 8. BBB disruption mediated by Le”-MPIOs in IL-1p-injured rat brain shown by 1gG
staining. A—C: 1gG staining of the ipsilateral striatum in rats treated with: 2h of middle cerebral artery
occlusion (MCAO) and 4h of reperfusion (A); IL-1p intracranially (ic) + Le*-MPIO intravenously (iv)
(B); or saline ic + Le*-MPIO iv (C). The rat brain after MCAO treatment is as the positive control,
and the saline-injected group is as the negative control. Scale bars = 500 um. (D) The rectangle
indicates the approximate area of the rat brain corresponding to the 1gG-stained images shown in A-C,

according to the atlas of Paxinos and Watson (105).
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Figure 9. MRI contrast enhancement in the IL-1p-injured mouse brain after intravenous
injection of Le”*-MPIOs. A: Minimum intensity projections from in vivo MRI of the left hemispheres
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the mean = SEM (n = 3). **P < 0.01; ***P < 0.001.
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Figure 10. Effects of charged MPI1Os on hepatic expression of pro-inflammatory mediators in

IL-1p-injured mice (T =4 h). The relative expressions (GAPDH as the reference gene) of IL-1B (A),
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IL-6 (B), TNFa (C), CXCL1 (D), CXCL10 (E) and CCL2 (F) were normalized to the IL-1p + SAL

group. COOH, carboxylic-MPI10s. Bars represent the mean + SEM (n = 3-4). *P < 0.05; **P < 0.01.
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Figure 11. Effects of charged MPIOs on the splenic expression of pro-inflammatory mediators
in IL-1p-injured mice (T = 4 h). The relative expressions (GAPDH as the reference gene) of IL-1p
(A), IL-6 (B), TNFa (C), CXCLI1 (D), CXCL10 (E) and CCL2 (F) were normalized to the IL-1p +
SAL group. COOH, carboxylic-MPIOs. The bars represent the mean £ SEM (n = 3-4). *P < 0.05;

**p < (0.01.

The hepatic and splenic expression of anti-inflammatory cytokines, after acute brain
injury and MPIO injection, was investigated using measurements of the RNA levels of IL-4,
IL-10 and transforming growth factor-B (TGF-B). No regulatory effect of charged MPI1Os on
the expression of these anti-inflammatory cytokines was detected (Figure 12). The expression
levels of other subtypes of APPs, such as adhesion molecules and cyclooxygenases (COXs),
were also measured. E-selectin was shown to be downregulated (or there was an apparent
trend towards downregulation) in the liver and spleen by both amine-MPIOs and carboxylic-

MPIOs (Figure 13A-B), while the VCAM-1 level was consistent irrespective of the organ
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tested and the charge on the particles (Figure 13C-D). Amine-MPIOs were found to suppress
the hepatic expression of COX-1, while carboxylic-MPIOs elevated hepatic COX-2
expression without affecting COX-1 levels (Figure 14). In general, most of the APPs assessed

were regulated by amine-MPIOs but not carboxylic-MPIOs.
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Figure 12. Effects of charged MPIOs on the peripheral expression of anti-inflammatory
mediators (T = 4 h) in mice injected intracranially with IL-1p. The relative expressions (GAPDH
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normalized to the IL-1B + SAL group. SAL, saline. The bars represent the mean = SEM (n = 3-4).
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Figure 13. Effects of charged MPIOs on the peripheral expression of adhesion molecules (T =4
h) in mice injected intracranially with IL-1p. The relative expressions (GAPDH as the reference
gene) of E-selectin (A-B) and VCAM-1 (C-D) in the liver and spleen were normalized to the IL-1p +

SAL group. SAL, saline. The bars represent the mean + SEM (n = 3-4). *P < 0.05; **P < 0.01.

Effect of charged MP1Os on systemic neutrophil recruitment, BBB integrity and GLUT1
expression

Acute brain injury triggers hepatic chemokine release and leukocyte recruitment to
the liver that starts at T = 2 h (26), and cerebral leukocyte recruitment that occurs after T = 6
h (106). In this study, intracranial injection of IL-1B was capable of inducing neutrophil
recruitment to the liver, but not the brain or spleen, at T = 4 h (Figure 15). It is hypothesized
that hepatic neutrophil migration may be suppressed by amine-MPI1Os as a consequence of
the observed APR downregulation. At T = 4 h after IL-1p injection, hepatic neutrophil
recruitment was suppressed by the injection of amine-MPIOs but not carboxylic-MPIOs
(Figure 15A). No modulation of splenic or cerebral neutrophil migration was observed at T =

4 h after the injection of charged MPIOs into mice injected with IL-1B (Figure 15B-C).
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Figure 14. Effects of charged MPIOs on the peripheral expression of COXs (T = 4 h) in mice
injected intracranially with IL-1p The relative expressions (GAPDH as the reference gene) of
COX-1 (A-B) and COX-2 (C-D) in the liver and spleen were normalized to the IL-1B + SAL group.

SAL, saline. The bars represent the mean = SEM (n = 3-4). *P < 0.05.

With regard to the BBB, no IgG staining was found in the IL-1pB-injured ipsilateral
striatum after injection of amine-MPI10Os or saline (Figure 16A, D). The expression of glucose
transporter protein 1 (GLUT1), a uniporter protein on the BBB, was also visualized by
immunostaining. A downregulation of GLUTL1 levels on the plasma membrane of brain
endothelial cells has been reported to be associated with BBB dysfunction and leukocyte
infiltration (107). Furthermore, GLUT1, which is regarded as an APP, is upregulated by IL-
1B and is also essential for glycan production on cell surfaces (108). From the staining results
obtained in the present study, it was clear that GLUT1 expression in brain parenchyma was
induced by IL-1p intracranial injection (Figure 16C, F), but was not modulated by amine-

MPI1Os (Figure 16B).
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Figure 15. Systemic neutrophil recruitment after intravenous injection of charged MPIOs.
Hepatic (A), splenic (B) and cerebral (C) neutrophil density (cells per mm?®) at T = 4 h after IL-1p and

MPIO injection. Only slices injected with amine-coated MPIOs were counted. i, ipsilateral; c,
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contralateral. The bars represent the mean £ SEM (n = 3-4 for A and B, n = 2 for C). *P < 0.05; **P

<0.01; ***P < 0.001.
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Figure 16. 1gG and GLUT1 immunostaining of mouse brain after amine-MPI1O injection. A, D,
E): 1gG staining of the ipsilateral striatum at T = 4 h after IL-1p ic + amine-MPIO iv injection (A), or
after IL-1p ic + saline iv injection (D), or after MCAO treatment (E). Scale bars = 500 um. B, C, F):
GLUT1 staining of the ipsilateral striatum at T = 4 h after IL-1p ic + amine-MPIO iv injection (B), or

after IL-1p ic + saline iv injection (C), or after saline ic + saline iv injection (F). Scale bars = 100 pm.

Effect of amine-MPIOs on systemic cytokine/chemokine expression and residential leukocyte
density in uninflamed tissue

Cytokines and chemokines have a low level of constitutive expression in healthy
individuals (109). To investigate whether this constitutive expression  of
cytokines/chemokines is regulated by amine-MPIOs, amine-MPIOs were injected into

healthy mice, and the expression levels of specific APPs found to have been suppressed by
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amine-MPIOs in IL-1B-injured mice were measured. All these APPs maintained a consistent
level of expression in healthy mice irrespective of amine-MPIO injection (Figure 17A-F).
The systemic neutrophil density is another physiological parameter depicting the early
process of inflammation. Unlike the suppression observed in IL-1B-injured mice, amine-
MPIOs did not elicit changes in the neutrophil densities of liver, spleen or brain parenchyma
of healthy mice at T = 4 h after injection (Figure 17G—H). The density of activated microglia

in the brains of healthy mice was also not affected by amine-MPIOs in vivo (Figure 171).
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Figure 17. Systemic APP expression and residential leukocyte density in healthy mice after
amine-MPIO injection. A-F: Effects of amine-MPIOs on the residential expression of pro-
inflammatory mediators in the livers (A-C) and spleens (D—F) of healthy mice. GAPDH was used as
the reference gene, and normalisation was undertaken. All the APPs studied in these experiments
were suppressed by amine-MPIOs in IL-1B-injured mice. The bars represent the mean + SEM (n = 3—
4). G-H: Effect of amine-MPIOs on the residential density of cerebral neutrophils (G), peripheral
neutrophils (H) and cerebral activated microglia (1) in healthy mice. The bars represent the mean +

SEM (n = 3-4). “i” — ipsilateral, “c” — contralateral, “1” — liver, “s” — spleen.

Discussion
Taken together, the results from the immunostaining and Prussian blue staining

experiments indicate that, during acute brain inflammation induced by IL-1pB, only Le”/Le®-
MPIOs show overlap with structures similar to activated endothelium in the brain
parenchyma. In addition, Le”-MPIOs were also observed to potentially co-localize with brain
microvessels or other structures after intracranial injection of TNFa, suggesting that there
may be Le”-targeted molecules, currently of unknown identity, along the activated blood
vessels that are upregulated by stimulation with either IL-1p or TNFa. All the staining results
were in accordance with the MRI data, revealing an ability of Le” to enhance the contrast
through specific binding. No Prussian blue staining was observed along the blood vessels in

the striatum after intravenous injection of LPS; this is similar to the MRI results, which
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showed intensity projections mainly along the cortical vessels or the lateral ventricle. The
lack of Prussian blue staining of the ipsilateral hemisphere in the MCAO stroke model may
have been due to severe disruption of endothelial structures, since IgG staining in the MCAO
model suggested that the BBB had largely been broken down. In conclusion, Le®-MPIOs
have been demonstrated to permit the effective imaging of inflamed sites in the CNS through
binding to endothelial cell-like structures. Moreover, the results of the Prussian blue staining
closely paralleled the MRI intensity patterns.

IL-1p or TNFa-mediated acute brain injury has been shown not to affect the integrity
of the BBB (104). Although Le”/LeB-MPIOs appear to bind to activated endothelium in the
brain parenchyma, it was not previously known whether these glycan-coated particles would
also enhance the MRI contrast when the endothelium of the BBB is disrupted. During my
research, | was not able to observe any specific distribution of Prussian blue staining in the
brain either after systemic injection of LPS infection or in the MCAO-treated rat model. It is
well known that systemic injection of LPS can impair BBB integrity (110), induce cytokine
release by brain endothelial cells (111), and alter the transporting systems on the BBB (112).
In addition, MCAOQO also leads to a rapid breakdown of the BBB within hours (103).
Therefore, it is likely that these glycan-coated MPIOs are not able efficiently to depict
inflamed sites during BBB breakdown. This could be tested by applying Le”/Le®-MPIOs for
MRI during the later stages of ischaemic stroke, or for MRI of chronic brain injuries
mediated by adenoviral overexpression of cytokines.

The effect of type I Lewis antigen on the MRI contrast enhancement is slightly
different when comparing mice and rat results. Specifically, Le®-MPIOs accumulated in the
inflamed sites of the rat but not mice ipsilateral hemisphere, suggesting that the expressional
pattern of some surface molecules on BBB might be different. Although the BBB

permeability is similar in mice and rats (113), the distribution of receptors, enzymes, and
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transporters including P-glycoprotein are known to have species differences (114). The
primary approach for the reason of less hypointensities in mice brain could be analyzing the
expression of some potential receptors of Lewis residues.

The acceleration of cerebral neutrophil recruitment is a novel pharmacological role of
Lewis antigen-coated MPI10s. Although these MPIOs were injected only 60 minutes before
terminal anaesthesia, neutrophils were observed rapidly to infiltrate brain parenchyma in
large numbers. Normally, neutrophils only start to appear 6 h after intracranial injection of
IL-1P (104). The early presence of neutrophils in the striatum at T = 5 h may have been due
to BBB disruption, as implied by the results of 1gG staining experiments (albeit with low
replicability: only 2 of the 5 brains in the Le”-MP10-injected group showed evidence of IgG
staining), or elevation of the systemic inflammatory response; these possibilities require
further investigation. There are several alternative methods to IgG staining as a means to
assess the integrity of the BBB, including immunostaining of tight junction proteins such as
Z0O-1, occludin-1 and claudin-5. Other possible techniques include staining with horseradish
peroxidase (HRP), which can penetrate the disrupted BBB by perfusion, or Evans blue
staining to detect albumin in the brain parenchyma (115). Experiments such as these will
enable a more definitive conclusion to be drawn as to whether the BBB permeability is
substantially elevated by unsialylated Lewis residues.

In addition to causing BBB breakdown, Lewis antigen-coated MPIOs may also
disrupt normal BBB functions by mimicking the characteristics of leukocytes in vivo. These
MPIOs may have the potential to be recognized as leukocytes by the BBB due to the
hypothesized opsonisation happens on their surface. Circulating leukocytes normally
extravasate across the vascular wall of the activated endothelium, leading to the accumulation
of leukocytes in the perivascular space of the CNS. This transmigration step can occur

through paracellular pathways between adjacent endothelial cells, or via trans-endothelial
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migration directly through the endothelial cell itself, leaving inter-endothelial cell junctions
intact (116-117). Considering the specific distribution of Le”/Le®-MPIOs along activated
endothelium, it is possible that these particles may also affect the leukocyte transmigration
pathway in addition to BBB integrity. Certain adhesion molecules have been identified as key
mediators of leukocyte extravasation; many of these, such as CD31, CD99 and ICAMs, are
expressed at the luminal endothelial surface as well as at tight junctions, and can contribute to
both paracellular and trans-endothelial pathways. Other adhesion molecules, including the
junctional adhesion molecules (JAMs) and VE-cadherin, are expressed exclusively at
endothelial cell junctions and may contribute solely to the paracellular pathway (118-120).
The expression levels of these molecules following the injection of glycan-coated particles
remain to be determined by immunostaining and ELISA.

The endothelial release of pro-inflammatory cytokines and chemokines during
inflammation has received much attention in recent years. An upregulation of these APPs by
Lewis antigen-coated MPIOs would provide an additional explanation for the observed
acceleration of cerebral neutrophil recruitment. Several chemokines have been found to be
selectively upregulated by injured microvascular endothelium. These chemokines include
CXCL8, CXCL10 and CCL2 in response to inflammatory cues such as TNFa, histamine and
thrombin (121-123). A number of chemokines have also been identified in in vitro cultures
of brain activated microvascular endothelial cells, such as CCL2, CCL4 and CCL5 (124-125).
These molecules bind to chemokine receptors expressed by activated mononuclear cells,
including CCR1, CCR2 and CCR5 (126). Further research is necessary, utilizing in vitro as
well as in vivo approaches, to elucidate the potential effects of Lewis antigen-coated MPIOs
on the endothelial expression of chemokines, and to identify any additional mechanisms,
other than the hypothesized BBB disruption or the possible acceleration of leukocyte

transmigration, underlying enhanced cerebral neutrophil recruitment.
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Identification of the ligand(s) for Le”/Le®-MPIOs on IL-1B-activated endothelium
will help to delineate the mechanisms by which Lewis glycans adhere to the BBB and
potentially affect its function. In the search for such a ligand, DC-SIGN and its homolog, DC-
SIGNR, merit careful investigation, as they are known to recognise all four Lewis antigens.
Both DC-SIGN and DC-SIGNR have been of considerable interest in immunological
research because of their ability to bind to human immunodeficiency virus and present
exoligands to T lymphocyte cells, which greatly facilitates the efficacy of infection (127).
DC-SIGN binds strongly to the fucose structures in all four Lewis residues during the capture
of LPS or other exogenous ligands (128), implying that intravenously injected Le”-MPIOs
and LPS may compete for binding to DC-SIGN. Such a hypothesis might explain the paucity
of aggregated Prussian blue dots in the ipsilateral striatum after intravenous injection of LPS
(Figure 5). Moreover, DC-SIGN and DC-SIGNR can also bind to endogenous ligands. For
instance, DC-SIGN mediates the adhesion of dendritic cells to activated endothelium by
binding to Le" expressed on ICAM-2 (129). DC-SIGN also leads to the transient adhesion of
dendritic cells with T cells through binding to Le* on ICAM-3, supporting the stabilization of
immunological synapses and T-cell priming (130). The similar ligand affinities of DC-SIGN
and DC-SIGNR are due to their CRD domains, which are tetramerized for carbohydrate
recognition; polymorphisms in the CRD motif may determine the slight differences in
adhesion to certain Lewis antigen subtypes (131). It is possible that some subtypes of DC-
SIGN or DC-SIGNR may have greater affinity for Le” than for other Lewis glycans.

DC-SIGNR has very different patterns of expression to DC-SIGN. DC-SIGN is
highly expressed in monocytes and monocyte-derived dendritic cells in tissues such as spleen
and lung. In contrast, the expression of DC-SIGNR is limited to the endothelial cells in
lymph nodes, liver and intestinal tissues (131); to date, there have been no reports regarding

its potential distribution along the BBB. Screening of mouse cDNA libraries has led to the
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identification of 8 mouse homologues of DC-SIGNR, designated SIGNR1 to SIGNRS (132).
Glycan-array screening of these mouse homologues has shown that only mouse SIGNR3
shares the ability of human DC-SIGN to bind both fucose- and mannose-terminated glycans
for endocytosis, raising the possibility that SIGNR3 may be one of the endothelial ligands for
Le”-MPIOs. Preliminary results from our laboratory using SIGNR3 knockout (KO) mice
have supported this possibility, since a statistically significant difference in Le”-MPIO
binding was observed between wild-type (WT) and SIGNR3 KO mice (Figure 18; P < 0.01,
Student’s t-test). This finding also provides, for the first time, indirect evidence for the
existence of SIGNR3 along brain endothelial cells. However, binding of the particles was not
completely suppressed in SIGNR3 KO mice, suggesting that other receptors may also be
responsible for particle binding. Such additional receptors may include SIGNR5 (which
shows preferential binding of mannose over fucose), SIGNR2 (which binds exclusively to
glycans bearing terminal GIcNAc residues), SIGNR5 (which shows preferential binding to 6-
sulfo-sLe™), or cell adhesion molecules such as selectins, VCAM-1, ICAM-1 and CD31.
Identifying the molecular targets could be achieved using MRI in mice with gene deletions,

Le”-MPIO pull-down assays, or ELISA in magnetic fields.
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Figure 18. MRI of IL-1p-injured SIGNR3 KO mice injected with Le*-MPIOs. A: Minimum
intensity projections from in vivo MRI of the brain in WT and SIGNR3 KO mice after intracerebral
injection of IL-1p into the left hemisphere and intravenous injection of Le”-MPIOs. n = 5 for WT
mice and n = 4 for SIGNR3 KO mice. The images shown are the list of all mouse brain results. B:
Quantification of the black pixels in the minimum intensity projections of the left (IL-1p) and right
(control) brain hemispheres. The bars represent the mean £ SEM. **P < 0.01. (left hemisphere of WT

versus KO; and left versus right hemisphere in WT). Authorized by Guillaume Bort.

Certain issues need to be addressed before further use of these Le”/Le®-MPIOs in

clinical applications, in addition to determination of the molecular ligands and the potential
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effect on BBB integrity. First, the circulation time of Le”/Le®-MPIOs in the blood and their
potential toxicity should be investigated, as mentioned later in this discussion. Second,
although it is clear from Prussian blue staining that the glycan-coated MPIOs are co-localized
on activated endothelium, it remains unknown whether these MPIOs adhere only to
endothelial cells, or whether they are also carried by leukocytes arrested on the endothelial
cells. Counterstaining of slices and fluorescence imaging of particles in cultured cells should
be carried out to investigate this issue. Third, as Le”/Le®-MPIOs may bind to DC-SIGN or
DC-SIGNR along cerebral vessels or in lymphoid tissues, these glycan-coated particles are
theoretically capable of modulating systemic inflammatory responses during CNS
inflammation. Therefore, the hepatic and splenic APR after Le”-MPIO injection should be
assessed by real-time PCR and immunostaining, as was done in the present study for the
injection of charged MPIO. Fourth, a comprehensive study of how the surface charges of
MPIOs affect systemic inflammation is essential to determine the best way to optimize the
pharmacological effects of existing glycan-coated particles by the addition of charges.

A systemic effect of charged particles on the APR and neutrophil recruitment in vivo
has not been reported previously. Other in vitro studies have revealed that amine-MPIOs can
induce cytokine release, apoptosis and endocytosis in cultured macrophages and fibroblasts,
as markers of the cytotoxicity of these particles (41). However, these phenomena only existed
from T = 24 h after MPIO incubation, a very different time point to the one tested in the
present study (T =4 h). In addition, it should be noted that in vitro binding data may not be
replicated well in complicated in vivo systems (133) due to competitive binding with other
charged proteins, the local concentration of ligands, and the hydrodynamics in the circulation.
Many studies have investigated protein adsorption onto polymeric particles with distinct
surface properties (134-135), and the relationship between the chemical composition of

particles and their in vivo distribution (136). Furthermore, although many cell types
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(neutrophils, mast cells, macrophages, etc.) have been well documented to release cytokines
after endocytosis, macrophages are more frequently found to engulf biomaterial particles with
different surface characteristics (137), and are the only cell type that are induced to undergo
apoptosis, rather than necrosis, by standard polystyrene beads (138). With regard to cytokine
release, macrophages exposed to polymethylmethacrylate, cobalt chromium molybdenum
alloy, titanium alloy, polyethylene or polyurethane particles all release increased amounts of
IL-6 or TNFa (139-142). Therefore, the potential relationship between macrophages and the
changes in the systemic APR following injection of charged MPIO should be fully
investigated.

Macrophages are versatile cells that are highly specialized in removing cell debris or
presenting antigens for immune response initiation. Most macrophages differentiated from
circulating monocytes, are present in the tissues, and are distinguished from dendritic cells by
their expression of F4/80, CD11b and Fc receptors. They can be further subcategorized into
subpopulations based on their anatomical location and functional phenotype (143), including
osteoclasts (bone resident), microglia (brain resident), alveolar macrophages (lung resident)
histiocytes (interstitial connective tissue resident) and Kupffer cells (liver resident); among
these, Kupffer cells comprise the largest population of resident tissue macrophages in the
body. Kupffer cells play a critical role in the innate immune response by efficiently
phagocytosing pathogens along hepatic sinusoid endothelium, and some subtypes of Kupffer
cell express a higher level of pro-inflammatory cytokines, such as TNFa, IL-6 and 1L-12,
when activated (144). MPIOs are mainly sequestered by the liver and spleen with this process
beginning 30 min after their injection (98). Moreover, it is clear from the results presented in
this thesis that the hepatic, not splenic, APR at T = 4 h was affected by the injection of
charged MPI1Os. Considering the irreplaceable role of the liver in systemic inflammation and

the cytotoxicity of particles on macrophages, it is hypothesized that Kupffer cells are the
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main targets of charged MPIOs in vivo. Such targeting may be mediated by electrostatic
interactions between cellular and MPIO surfaces. By engulfing these particles and
subsequently undergoing apoptosis, Kupffer cells could lose their ability to respond to
immune signals from the CNS, causing suppression of the hepatic APR and neutrophil
recruitment.

Several possible experiments could be used to test the aforementioned hypothesis in
vivo. For example, to obtain direct evidence of Kupffer cell-induced MPIO endocytosis in
vivo, fluorescence imaging could be used to investigate the overlap between Kupffer cells and
fluorescent MPIOs in liver tissue slices, or toluidine blue staining of semi-thin slices could be
used as a simpler alternative (41). The importance of Kupffer cells in responding to charged
particles could be demonstrated by clodronate-induced macrophage depletion (144), in order
to observe whether animals treated in advance by intravenous injection of clodronate
liposomes have different levels of hepatic APR. In addition, live imaging of Kupffer cells
after particle injection could be achieved using ligand-based PET. Translocator protein-
18kDa (TSPO) is a cholesterol translocator on the outer mitochondrial membrane of activated
macrophages/microglia (145). To investigate whether apoptosis of macrophages is mediated
by charged MPIOs, radioactive TSPO ligands, such as [*'C] PK11195 (146), could be used to
measure non-invasively the density of Kupffer cells and microglia at different time points
after amine-MPIO injection. Furthermore, as other chemokines, such as CCL3, have also
been reported to decrease after clodronate injection (147), their potential changes following
amine-MPIQ injection should also be investigated.

The downregulation of TNFa, CXCL10, CCL2 and E-selectin in the liver by amine-
MPIOs revealed by the present results suggests that some contrast agents have the potential to
modify the inflammatory process. Previous studies of the functions of Kupffer cells in 1L-13-

induced acute brain injury showed a similar decrease of hepatic CXCL10 and CCL2 after
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clodronate-mediated Kupffer cell depletion (148), implying Kupffer cells as the target of the
charged particles. However, the hepatic level of IL-18 after Kupffer cell depletion was
significantly reduced, while hepatic neutrophil recruitment was unchanged, when Kupffer
cells were depleted. These systemic inflammatory responses thus differ from the cellular and
molecular changes identified in this study after amine-MPIO injection. Therefore, cells other
than Kupffer cells may also be involved as the in vivo target of amine-MPIOs.

The real-time PCR experiments described in the present study revealed that of the
inflammatory mediators tested, TNFa and CCL2 decreased in both the liver and spleen.
These two cytokines are produced predominantly by macrophages during the early stages of
infection, with TNFa considered a hallmark of acute and chronic neuroinflammation in MS,
ischaemic stroke, Parkinson’s disease and Alzheimer’s disease (149-151). Strikingly, TNFa
is only upregulated in the liver, and not in the brain, after IL-1pB-induced brain lesions,
indicating that hepatic TNFa is an important amplifier for the central inflammation and
systemic leukocyte recruitment (112). In a previous experiment carried out in my host
laboratory, intravenous injection of the TNFa inhibitor, etanercept (which functions as a
decoy receptor that binds endogenous TNF), in the IL-1p-mediated model of brain injury led
to a suppression of both neutrophil recruitment and hepatic expression of CCL2 (152). This
discovery reminds us that TNFa downregulation could potentially trigger a decrease in other
APPs after amine-MPIO injection. Therefore, the mechanism underlying the suppression of
TNFa expression should be elucidated as a priority, before other investigations are carried
out on a molecular level. As CCL2 plays a key role in the regulation of monocyte and
neutrophil recruitment (153), it is assumed that amine-MPIOs initially inhibit systemic
inflammation by inducing the apoptosis of Kupffer cells. Such apoptosis then suppresses the

hepatic secretion of CCL2 by reducing the amount of TNFa from Kupffer cells. To test this
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hypothesis, selective agonists of the TNF receptor could be injected intravenously with
amine-MPIQOs for systemic modulation.

CCL2 is produced by many cell types, including endothelial cells, fibroblasts,
macrophages and smooth muscle (154). These cells are important for immune responses in
the peripheral circulation and tissues, with macrophages being the major source of CCL2
(155). In the CNS, CCL2 is produced predominately by astrocytes and resident microglia,
and to a lesser extent by endothelial cells (156). In vitro and in vivo assays have shown that
CCL2 expression is triggered during the inflammatory response by stimuli such as IL-1p,
TNFa, LPS and interferons, and that this leads to macrophage activation (157-158).
Moreover, CCL2 has been discovered to induce monocyte infiltration and leukocyte
accumulation in the CNS. This acceleration of cerebral inflammation is mediated either by
CCL2-CCR2 interactions along the activated endothelium (159), or by the direct effect of
CCL2 on BBB permeability (160). As the hepatic CCL2 level is suppressed by amine-MPIOs,
the circulating CCL2 level, the number of circulating monocytes, and the density of CNS-
infiltrating monocytes may also theoretically be affected by the injection of charged particles.
These parameters could be measured by flow cytometry or immunostaining using antibodies
against CD11b, Iba-1 or CD45.

Despite evidence showing a detrimental effect of TNFa- and CCL2-mediated
signalling to accelerate inflammation, these two APPs can also produce beneficial effects on
immune responses at both the cellular and physiological level. The dual roles of these
molecules are illustrated, for example, by the disappointing results of anti-TNFa therapies in
patients with inflammatory diseases (161). TNFa can induce cellular proliferation, migration,
differentiation or apoptosis, depending on the circumstances. With regard to the detrimental
actions, TNFa induces the expression of various genes that are involved in cell infiltration,

such as adhesion molecules, urokinase plasminogen activator (UPA), matrix
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metalloproteinase 9 (MMP9), and vascular endothelial growth factor (VEGF). In addition,
overexpression of TNFa leads to demyelinating disease, and neutralization of TNFa with
antibodies has been shown to be protective in a mouse model of experimental autoimmune
encephalomyelitis (EAE) (162). With regard to the beneficial part, the deletion of TNFa
induces increased susceptibility to microbial infection, indicating a crucial role of TNFa in
the protection against infection. It has also been demonstrated that administration of a low
dose of TNFa can reduce the extent of myocardial infarction (163), or inhibit the apoptosis of
leukocytes that are crucial for the maintenance of the immune system (164). Similarly, CCL2
possesses detrimental and pleiotropic effects at different stages of inflammation.
Detrimentally, CCL2 mediates leukocyte adhesion to brain parenchyma by upregulating
ICAM expression in the early stages of traumatic brain injury (TBI) (165). CCL2 KO mice
exhibit smaller cortical lesions, reduced neuronal loss, and diminished macrophage
accumulation compared to WT mice after TBI, indicating that CCL2 elevation is an
important response in acute brain inflammation (166). On the other hand, a neuroprotective
role of CCL2 has been revealed in studies of adult neurogenesis in models of stroke (167). It
is now well recognized that immune inhibition may lead to short-term beneficial effects,
following by long-term detrimental effects. Therefore, it will be important to elucidate the
long-term pharmacological effects of charged MPIOs on systemic inflammation, using real-
time PCR and immunostaining in the period T = 6-24 h, in order to avoid any potential
adverse effects of these agents before they are applied in a clinical setting.

The IL-1- and IL-6-type cytokine families are the leading regulators of the APR in
hepatocytes and the main mediators between cerebral and peripheral inflammation. These
cytokines are produced mainly by macrophages and monocytes, and regulate the production
of cytokines, adhesion molecules, glucocorticoids and growth factors. IL-1-type cytokines

include IL-1a and IL-1pB, and are expressed at very low levels in the adult healthy brain. At
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the onset of inflammation, IL-1-type cytokines activate pathways involving nuclear factor
kappa-B (NF-kB), c-Jun N-terminal kinase (JNK) and extracellular-signal regulated kinase
(ERK1/2). IL-6-type cytokines include IL-6, leukaemia inhibitory factor (LIF), IL-11 and
cardiotrophin-1 (CT-1), and specifically activate the JAK-STAT3 pathway. Both IL-18 and
IL-6, for example, have been found to stimulate hepatic APP secretion (168). While some
APPs, such as CRP and haptoglobin, are synergistically regulated by IL-1p and IL-6 (class 1),
others, including fibrinogens and ap-macroglobulin, are solely responsive to IL-6-type
cytokines (class Il). The finding (in the present study) that injection of amine-MPIOs
suppressed hepatic IL-6 expression but not IL-1p expression suggests that it will be important
to investigate the hepatic expression of class Il APPs in the future. Furthermore, it will also
be necessary to directly measure the activation of NF-kB or STAT3 in macrophages cultured
with amine-MPI0Os, using Western blotting or ELISA techniques, as a step toward elucidating
the molecular pathways modulated by these charged particles.

The decrease in splenic CXCL10 after injection of amine-MPIOs implies that the
systemic recruitment of macrophages may be suppressed by charged particles, as CXCL10
performs homing functions in macrophages, dendritic cells and activated T lymphocytes.
CXCL10 is secreted by leukocytes, neutrophils, monocytes and endothelial cells that are
induced by interferon-y (IFN-y) during inflammation (169-170). It specifically activates
CXCR3 and attracts CXCR3-positive cells, such as macrophages, to inflamed sites. In
addition, CXCL10 has also been identified in astrocytes, microglia and neurons, with its
expression level regulated by IL-1p and TNFa (171-172). As charged MP1Os were not found
to be distributed in the brain parenchyma (by MRI or Prussian blue staining), it is assumed
that these particles will not affect CXCL10 levels in the CNS in the short term. Based on this,
we may observe a smaller change in the macrophage/monocyte density in brain parenchyma

than that seen in the liver and spleen at various time points after injection of amine-MPIOs.
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However, this assumption is also dependent on expressional changes in other CXCR3 ligands,
including CXCL9 and CXCL11. These possibilities merit further investigation.

Pathways involving COX enzymes clearly play an important role in
neuroinflammation, and these can be modulated by growth factors, IL-1B, TNFao and LPS
(173). The observed decrease in hepatic COX-1 level in response to injection of amine-
MPIOs correlated with the pattern of inhibition of cytokines and chemokines, while the
upregulation of hepatic COX-2 by carboxylic acid-coated MPIOs revealed, for the first time,
an ability of negatively charged particles to regulate systemic inflammation. Although COX-
1 and COX-2 share 60% homology in their amino acid sequences, these two isoforms differ
substantially in their regulatory mechanisms and tissue distributions. At the sequencing level,
the COX-1 promoter contains several SP1 elements with a high GC content, while the COX-
2 gene has a TATA box and a CAAT enhancer binding protein beta (C/EBP B) sequence
(174). Both isoforms are constitutively expressed in the brain, with COX-1 expressed mainly
in microglia and COX-2 in post-synaptic terminals (175). During the process of
neuroinflammation, it is likely that COX-1 is an accelerator of immune responses, while
COX-2 may mediate an anti-inflammatory role depending on the stimulus. For instance, in a
model of intracerebroventricular LPS-induced neuroinflammation, neutrophil recruitment and
microglial activation in the brain were attenuated in COX-1 KO mice, but increased in COX-
2 KO mice. Moreover, plasma and brain CCL2 levels were found to be positively correlated
with the COX-1 level, but negatively correlated with the COX-2 level; this would be
consistent with the change in the APR observed after the injection of charged particles (176).
In addition, COX-1 inhibition has been reported to attenuate the BBB disruption that occurs
in TNFa- or LPS-induced neuroinflammation, whereas COX-2 gene deletion has been found
to increase the permeability of the BBB (176-177). Considering the differential functions of

COX-1 and COX-2 during inflammation, the relationships between these two isoforms and
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charged particles should be investigated further. COX-2 should be chosen as the core target
of further research, because to date it is the only APP reported to be modulated by carboxylic
acid-coated MPIOs.

The long-term (T = 6-24 h) pharmacological effects of coated MPIOs in vivo,
including actions on systemic inflammation in the liver and brain, the bio-distribution of
these MPI10Os, and the toxicities of iron oxide particles, have yet to be determined. Leukocyte
recruitment to an injured CNS has been found to be delayed compared with the periphery
(106), suggesting that the potential effects of coated MPIOs on cerebral leukocyte
recruitment should be studied at time points later than 12 h after IL-1B injection. As an
extension of the current project, the temporal and spatial distributions of coated MPIOs will
be measured in the periphery between T =6 h and T = 24 h. Unpublished data from my host
laboratory reveals that MRI signals do not remain near CNS inflammatory lesion sites 5 h
after injection of Lewis antigen-coated MPIO, possibly due to MPIOs breaking away from
the luminal surface of endothelial cells into the circulation. However, a large number of
MPIOs still exists in the liver and spleen at T = 24 h. Based on the above observations, the
peripheral system is more likely to be influenced by MPIOs in the long term than the CNS.

Following the completion of comprehensive studies of the effects of coated MPIOs
after IL-1pB-induced acute brain injury, these coated MPIOs can be applied for the imaging of
more complex inflammation. Intravenous injection of LPS and controlled cortical impact
(CCI) represent alternative models of acute brain inflammation, while animal models, such as
adenovirus-mediated IL-1B expression, EAE and MCAO, can replicate certain
neuropathological components or phases that prevail in human disorders; these are thus ideal
platforms to test the safety and functions of targeted MPIOs for further application. As Lewis

antigen-decorated MPI1Os are electrically neutral in the circulation, adding charged residues
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to these particles may allow for optimization of their imaging contrast properties or even
modulation of the inflammatory process in complex models.

Many physical characteristics of iron oxide particles, including their surface charge,
crystallinity, smoothness and hydrophobicity/hydrophilicity, are important for their in vivo
application. These factors have been shown to determine the residence time of iron oxide
particles in the circulatory system (178). Moreover, iron oxide particles with a positive
charge show higher internalization into human breast cancer cells than negatively charged
particles, whereas no difference is found in the degree of internalization into HUVECs (176);
this indicates that the pattern of MP1O uptake depends not only on the surface properties but
also on the cell type. The physical properties of particles also affect their opsonisation
process. It is concluded that the larger the size and the higher the hydrophobicity of the
particles, the more efficient the opsonisation process will be (177). Thus, adding some
hydrophobic groups along with Lewis antigens on the surface of MP1Os might be another
method to enhance the ability of iron oxide particles to adhere to activated endothelium.

Surface modification of MPIOs can be carried out either during their synthesis or in a
post-synthesis process. The ideal molecules used for stabilization of iron oxide particles
should be biocompatible and biodegradable. However, some of the molecules commonly
used are not biodegradable and have the potential to be improved. Most of these molecules
are polymers, silica and organic dye molecules (Table 3) that protect the core against
oxidation (179-192). For example, polystyrene is a widely used coating, applied to iron oxide
using divinylbenzene as a cross-linker (193). Several other polymers, such as PLA, PEG,
polyvinyl alcohol (PVA) and starch, are also used as coating materials. Some groups have
prepared PEG-coated particles functionalized with a mannose-based analogue for targeting
TNFa-stimulated E-selectin-expressing HUVECs (194). As a PEG coating is found to inhibit

protein adsorption or reduce the efficiency of antibody coupling (195), the chemical
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composition of the shell should be carefully selected to maximize the binding affinity of the

iron oxide particles to inflamed sites.
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Table 3. Materials used for coating iron oxide particles and related applications.

Coating material Applications Advantages Ref.
Polyethylene glycol In vivo MRI Improves the biocompatibility, blood circulation time and (181)
(PEG) internalization efficiency of particles, easy to functionalise
Polyvinyl alcohol In vivo MRI and drug delivery Prevents coagulation of particles (182)
(PVA)
Polyvinyl pyrrolidine In vivo MRI and drug delivery Enhances the blood circulation time and stabilises the colloidal (183)
(PVP) solution
Polyacrylic acid Target thrombolysis with recombinant Increases the stability and biocompatibility of the particles (184)
tissue plasminogen activator
Polystyrene In vivo MRI Maintains stable and uniform-sized particles in suspension (185)
Polymethyl DNA separation and amplification Can be applied in automatic systems for high-throughput detection | (186)

methaacrylate

of single nucleotide polymorphisms
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Ethyl cellulose Extraction of pharmaceutical chemicals Enhances drug absorption into surrounding tissues (187)
Chitosan In vivo MRI and drug delivery Biocompatible and hydrophilic (cationic) (188)
Dextran In vivo MRI and drug delivery Enhances the blood circulation time and stabilizes the colloidal (189)

solution
Starch In vivo MRI Biocompatible and biodegradable (190)
Albumin Cell separation Magnetic tagging and separation, does not affect cell viability and | (191)
proliferation
Gelatin Drug delivery Hydrophilic and biocompatible, improves the efficiency of antigen | (192)

loading
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Extensive in vitro assays in various cell types and in vivo toxicity assays have been
conducted to probe the possible cytotoxicity of both bare and coated iron oxide particles, due
to their increasing presence in biomedical applications (Table 4) (196-206). After
modification to avoid interference by cell media, these methods can also be employed for the
toxicological study of the coated MPIOs used in the present study. USPIOs have been most
thoroughly investigated because of their longer blood circulation time compared with MPIOs,
and the majority of results to date have shown little toxicity (201). However, in some studies,
USPIOs have been reported to arrest the cell cycle in the GoG; cell-life gap, which may have
been caused by related autophagy (207); this raises the possibility that MP1IOs may have
similar adverse effects. In addition to the cell-particle interactions, it is now well recognized
that the adsorption of proteins by iron oxide particles in vivo may also have significant
impacts on biological, biochemical and cellular behaviour, and this may be a key feature
defining the toxicity of these particles (204). Unfavourable changes in protein configuration,
mediated by protein-particle interactions, can lead to fibrillation, loss of function, or even the
initiation of a new immune response due to the exposure of new antigenic sites (208). Size-
exclusion chromatography (SEC) and surface plasmon resonance (SPR) are possible
approaches to investigate such interactions. SEC allows study of the affinity of protein
bonding to particles, while SPR measures the rates of protein association and disassociation
(209). By applying some of the methods mentioned above, the toxicological effects of Lewis

antigen-coated MP1Os and charged MPI10Os can be thoroughly investigated.
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Table 4. Methods used to evaluate the toxicity of iron oxide particles.

Cytotoxicity evaluation Coating Conclusion Ref.
methods
MTT assay PEG, PEGF, PVA, silica, dextran, No toxicity is observed even at a high applied dosage (196)
PEI, and chitosan

Modified MTT assay PEGF and PVA The toxicity of iron oxide particles is observed when the surface | (197)
is saturated

Redox assay Dextran, oleate and PEI The iron oxide particles are stable in a variety of media and show | (198)

no toxicity during interaction with various cells

Cytochrome c assay Amine-functionalized Low cytotoxicity of amine-coated iron oxide particles on some | (199)
liver cells

Nitroblue tetrazolium assay Dextran No significant cytotoxicity (200)

WST assay Dextran No detectable cytotoxicity (201)
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Lactate dehydrogenase assay None Bare iron oxide particles show no toxicity (202)
Various dyes None, dextran and PVA No cytotoxicity; a trace of apoptosis is detected for the bare iron | (203)
oxide particles

Cell cycle assay None and PVA PV A-coated iron oxide particles show no necrosis, apoptosis or | (204)

cell cycle arrest at moderate concentrations of particles, while at

high concentrations, these coated particles cause both apoptosis

and cell cycle arrest

[*H]-thymidine assay Gold No detectable cytotoxicity (205)
Comet assay None Oxidative DNA lesions are observed after exposure to high (206)

concentrations of iron oxide particles

Abbreviations: DNA, deoxyribonucleic acid; MTT, 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide; PEG, polyethylene glycol;

PEGF, poly-(ethylene glycol)-co-fumarate; PEI, polyethylenimine; PVA, polyvinyl alcohol; WST, water-soluble tetrazolium salt.
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The diagnostic and potential therapeutic applications of iron oxide particles in CNS
inflammation are currently undergoing a rapid growth. Since the first report of using USPIOs
as MRI contrast agents in 1990 (210), more particles have been designed for the molecular
imaging of inflamed sites as well as cell trafficking. Macrophage infiltration and microglial
activation are prominent at the periphery of brain lesions. It has been feasible to label these
macrophages to track their migration in the brain or circulation (29). Moreover, by using iron
oxide particles and T,*-weighted imaging in experimental stroke models, it has been possible
to differentiate inflamed from non-inflamed infarct subareas that could not be differentiated
by Gd chelates and perfusion-weighted MRI (211). The potential applicability of iron oxide
particle-enhanced MRI in human brain imaging has been studied in patients with stroke and
MS (212-213), and these investigations have revealed that Gd chelates and iron oxide
particles show distinct areas of signal enhancement. This clinical research has provided solid
evidence that iron oxide particles are at the very least useful as supplements to Gd chelates
for MRI. With regard to their further development through conjugation to low molecular
weight ligands, peptides and polysaccharides, these iron oxide particles will evidently
increase our understanding of the early processes occurring in many neurological disorders,

from the molecular to the pathological level.

Conclusion

We used MRI data to find that unsialated Le”-MPIOs specifically accumulated in the
inflamed sites in mice and rat injury models during the early stage of CNS inflammation.
Immunostaining and Prussian blue staining confirmed such results in the tissue level, and also
revealed that these type | Lewis sugar-coated MPIOs bound to endothelium-like structures.
BBB was disrupted by Le”-MPIO injection from results of 1gG and neutrophil staining.

Furthermore, LeB-MPI10s only showed MRI signal enhancement in rat brains, not in mouse
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brains. On the other hand, the investigation on pharmacological effect of charged MPIOs
showed that only positive-charged MPIOs led to the suppression on systemic APR and
hepatic neutrophil recruitment within short-term time scale. Such discoveries are essential for
the potential application of carbohydrate-coated MPIOs in the future, suggesting that there is

still much to do for the development of next-generation MRI agents.
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